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Observed volume fluxes and mixing in the Dardanelles Strait 

Ewa Jarosz,1 William J. league,' Jeffrey W. Book,1 and §ukru T. Be§iktepe2 
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[i] Pairs of moorings equipped with current profilers were deployed at each end of the 
Dardanelles Strait and remained in place for over 13 months. Current observations were 
able to resolve well the exchange flow and volume fluxes. Volume fluxes showed distinct 
temporal variability in upper and lower layers, especially evident on synoptic time scales. 
The synoptic flux variability in the upper layer was coherent with the local atmospheric 
forcing and the bottom pressure anomaly gradient, while the flux variations in the lower 
layer were related to the bottom pressure anomaly gradient. Estimated volume flux values 
were often two or more times larger than their respective annual means. Annual upper-layer 
flux means were 25.66 x 10*" and 36.68 x 10 3 Sv, whereas the lower-layer averages 
were 14.02 x 10~3 and 31.67 x 10~3 Sv for the Marmara and Aegean sections, 
respectively. The fluxes also showed that there was a net low-salinity water outflow to the 
Aegean Sea, and that they varied weakly on longer time scales (monthly to seasonal). High- 
salinity water fluxes (> 39 psu) were used to calculate strait-averaged vertical eddy 
diffusivities which ranged between 10 4 and 10 2 m2 s  '. Additionally, microstructure 
observations were used to evaluate vertical eddy diffusivities. These estimates indicated that 
mixing in the strait varied spatially and temporarily, and it was dependent on complex strait 
geometry, exchange flow status, and partially on meteorological conditions. Large values of 
eddy diffusivities, with a depth-averaged mean of 1.3 x 10~2 m2 s_l, and vigorous mixing 
were found in the Nara Pass, the narrowest section in the Dardanelles Strait. 

Citation:   Jarosz, E., W. J. league, J. W. Book, and §. T. Bejiktepe (2013). Observed volume fluxes and mixing in the Dardanelles 
Strait, 7. Geophys. Res. Oceans, 118, 5007-5021, doi:10.1002/jgrc.20396. 

1.    introduction 

[:] The Dardanelles Strait is a part of the Turkish Strait 
System (TSS) that connects the Aegean/Mediterranean Sea 
waters to the Black Sea. The mean flow regime in the strait 
is a two-layer exchange with brackish waters originating in 
the Black Sea flowing in the upper layer and salty waters 
from the Aegean Sea moving approximately northeastward 
in the lower layer [UnliJala el at., 1990; Tugrul el al., 
2002; Jarosz el al., 2012]. The sum of riverine discharge 
and precipitation is not balanced by evaporation in the 
Black Sea. Consequently, there is a net surplus of low- 
salinity waters from the Black Sea that reaches the Aegean 
Sea every year through the TSS. This surplus was estimated 
to be between 0.006 Sv (lSv=:106 m3 s"1) and 0.01 Sv 
[Unluata el al., 1990; Simonov and Allman, 1991; Peneva 
et al, 2001; Kara el al., 2008]. 

[3] It has been recognized for years that the upper-layer 
outflow from the Dardanelles Strait to the Aegean Sea 
impacts the surface circulation in the North Aegean Sea 
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[Poulos el al., 1997; Tzali el al., 2010]. Zervakis el al. 
[2000] have indicated that in addition to atmospheric 
conditions, this outflow also affects the deep water for- 
mation in the North Aegean Sea. The outflow produces a 
layer with a well-defined thickness and distinct hydro- 
graphic characteristics (low salinity and low temperature 
in cold months). As this layer thickens, its impact 
becomes larger on air-sea fluxes and hence, it can act as 
a barrier layer prevenling underlying denser waters from 
heat losses during passages of cold atmospheric fronts in 
winter and subsequently from sinking and contributing to 
the deep dense water pool in the North Aegean Sea. A 
role of the outflow as a regulator of the intensity of deep 
water formation in the region was also postulated by 
Geriman el al. [2006]. Moreover, the lower-layer outflow 
of high-salinity waters from the Dardanelles Strait to the 
Sea of Marmara impacts subsurface circulation (below 
the upper 20-25 m), hydrography, and oxygen distribu- 
tion in this semienclosed sea [Be^iklepe el al., 1993, 
1994; Begiktepe, 2003]. The high-salinity outflow shows 
distinct seasonal density variability resulting mainly from 
seasonal temperature changes. In winter, the outflow 
waters have a higher density than the waters occupying 
the interior of the sea, and therefore the outflow attaches 
to the bottom and forms a bottom boundary current enter- 
ing the interior of the sea as a turbulent plume. In fall, 
the outflow is lighter than the interior of the sea and 
manifests itself as a subsurface flow bounded by the 
upper layer of the Sea of Mannara. 
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Figure 1. Map of the Dardanelles Strait and the cross sections used in the volume flux estimations 
(inserts). Moorings, meteorological stations and locations of VMP drops are also shown: Bamy moor- 
ings (black squares; M1-M4), TC moorings (red diamonds, TC1-TC2; depths (m) of the TC sensors 
given next to the symbols in the inserts; depths for the second part of the deployment are in parentheses), 
meteorological stations (black pluses; Qinakkale (C) and Bozcaada (B)), and VMP drop locations (Dl- 
D40; brown triangles—VMP profiles taken on 8 February 2009; yellow dots—VMP profiles taken on 
18 February 2009); depth contours are in meters (color bar). 

[4] Based on long-term salinity observations along both 
ends of the Dardanelles Strait, and assuming a steady state 
mass budget, Unl'uata et al. [1990] estimated mean annual 
volume transports in the upper and lower layers to be 27.46 
x I0-3 Sv and 17.95 x lO"3 Sv in the northern Darda- 
nelles (Marmara section) and 39.86 x 10~3 Sv and 30.35 x 
10^3 Sv in the southern Dardanelles (Aegean section), 
respectively. These annual means were later revised, for 
instance, by Be^iktepe el al. [1994] and Tugrul et al. 
[2002]. Tugrul et al. [2002] also discussed seasonal vari- 
ability of these volume fluxes. They showed that maximum 
upper and lower-layer outflows were usually observed in 
spring, while they were at a minimum in fall. 

[s] Until recently, there were no time series of current 
observations that would allow computation of volume 
fluxes and evaluation of their variability on a range of time 
scales. In 2008, the US Naval Research Laboratory (NRL) 
and the NATO Undersea Research Center (NURC; cur- 
rently known as the NATO Center for Maritime Research 
and Experimentation, CMRE) in collaboration with the 
Turkish Navy Office of Navigation, Hydrography and 
Oceanography deployed two mooring sections (one at each 
end) in the Dardanelles Strait as a part of the TSS08 
(NURC project) and EPOS (NRL project) programs. The 
deployment began at the end of August 2008 and ended at 
the beginning of October 2009 (Figure 1) delivering nearly 
full water-column current profiles along both ends of the 
strait for this time period. These continuous observations 
provide the opportunity to estimate concurrent volume 
transports at each end of the strait. Time variability of these 
volume fluxes, possible forcing of the flux fluctuations, and 

mixing in the strait are discussed in this manuscript. The 
paper is organized as follows: section 2 describes the ana- 
lyzed observations. Methodology used to evaluate the vol- 
ume transport is outlined in section 3. Volume fluxes are 
presented in section 4. Transport fluctuations and their pos- 
sible forcing mechanisms are analyzed in section 5. 
Entrainment and mixing are discussed in sections 6 and 7. 
Finally, section 8 summarizes the findings. 

2.    Measurements 
[5] Moorings were deployed on 28-29August 2008 and 

then serviced and redeployed approximately at the same 
locations in February 2009. Final recovery of all moorings 
occurred on 11 October 2009. Since locations of the moor- 
ings for both deployments were almost identical, observa- 
tions were combined into a single time series for all 
presented analyses. Each mooring section (Figure 1) was 
configured with a bottom-mounted Bamy mooring (Ml and 
M3) and a line mooring (TCI and TC2) in the deep chan- 
nel, and another Barny mooring (M2 and M4) in the eastern 
shallower part of the channel. Barny moorings contained 
the following instrumentation: an acoustic Doppler current 
profiler (ADCP), a wave/tide gauge (Sea-Bird Electronics 
26), and a conductivity sensor (Sea-Bird Electronics 
SBE4). All ADCPs were 300 kHz RD Instruments. They 
recorded current profiles at 1 m vertical resolution. Line 
moorings (TCI and TC2) were equipped with Sea-Bird 
Electronics MicroCats 37 and Aqua Trolls for measuring 
temperature, conductivity, and pressure (7 instruments on 
each line). All instruments recorded data at 15 min 
intervals. 
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Figure 2. (a) Wind stress components (Pa) estimated from wind observations from Canakkale (East/ 
West wind stress component: red line, North/South wind stress component: black line), (b) bottom pres- 
sure anomaly gradient (black line) and atmospheric pressure gradient (red line) both with units Pa m ', 
and along-strait velocity components (cm s ') from (c) Ml and (d) M3 moorings (positive velocity val- 
ues are directed toward the Sea of Marmara). High frequencies were removed from the data by applying 
a 40 h low-pass filter. 

[7] Full time series of data were returned from the Barny 
moorings. Unfortunately, data from the TCI and TC2 
moorings were incomplete because five of the sensors 
failed and returned limited time series of conductivity or 
none at all. ADCP observations were interpolated to com- 
mon depth levels resulting in 1 m vertical resolution. All 
observations were converted into hourly averages, and high 
frequency fluctuations (not applicable to the topic of this 
paper) were eliminated from the data by applying a low- 
pass filter with a 40 h cutoff frequency. The current obser- 
vations were also rotated 10° and 50° counterclockwise 
from east along the southern (Aegean) and northern (Mar- 
mara) sections, respectively, to align with along and 
across-strait coordinate axes. The bottom pressure data 

allowed    an    evaluation    of   pressure    variations,   ph 

(Pb = Pom + Po&l + 8 /   P*, 
l-H 

where palm is the atmos- 

pheric pressure, rf is the water level variation, p1 is the den- 
sity fluctuation, po is the reference density, g is the 
gravitational acceleration, // is the total depth, and the 
primes indicate that time means are removed), and an esti- 
mation of the bottom pressure anomaly gradient (BPG) 
(i.e., a bottom pressure variation difference divided by the 
strait length) between the southern and northern ends of the 
Dardanelles Strait. Additionally, hourly meteorological 
observations collected at Turkish land stations, Qanakkale 
(C), Bozcaada (B), and Tekirdag (located on the northern 
shore of the Sea of Marmara, northeast of the area shown 
in Figure 1), located near the Dardanelles Strait were ana- 
lyzed. Wind stress estimated from wind observations meas- 
ured at Qmakkale and atmospheric pressure gradient 
estimated from observations collected at Bozcaada and 

Tekirdag as well as the BPG and along-strait current veloc- 
ities from Ml and M3 are shown in Figure 2. More detailed 
descriptions of the EPOS data set and the exchange flow 
variability in the Dardanelles Strait are in Jarosz el al. 
[2012]. 

[s] Microstructure observations using a Vertical Micro- 
structure Profiler (VMP) (manufactured by the Rockland 
Oceanographic Services Inc., Canada and similar to a pro- 
filer described by Walk el al. [2002]) were collected during 
the servicing cruise in February 2009. There were two 
passes through the deep channel of the strait: on 8 and 18 
February 2009 during which a total of 74 microstructure 
profiles were collected. Figure 1 shows locations of the 
VMP drops. The VMP profiler carried a thermistor, a 
microconductivity sensor, two velocity shear probes, a 
high-resolution pressure sensor, accelerometers, and fine- 
scale external conductivity (Sea-Bird Electronics SBE4) 
and temperature (Sea-Bird Electronics SBE3) sensors. 
VMP profiles extended from a few meters below the sur- 
face to the bottom. Moreover, turbulent kinetic energy 
(TK.E) dissipation rates (e) were estimated from current ve- 
locity shear observations following a formula for isotropic 

turbulence [Oakey, 1982]: s H*y where v is the 

kinematic viscosity, and f ^M is the variance of the cur- 

rent shear. We recognize that our microstructure data set is 
inadequate to describe mixing in the Dardanelles Strait in 
detail. Nevertheless, to the best of our knowledge, these 
measurements are the only existing turbulence observations 
taken in this strait; thus, they should provide new insight 
into mixing there. 
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3.    Methodology for Volume Flux Estimation 
[')] The shallowest ADCP bins were approximately 5 m 

from the surface at both mooring sections. Hence, we 
employed a vertical current shear approach to extrapolate 
current velocity from the shallowest bin to the surface. A 
brief description of the shear approach is as follows: a 
straight line is fitted to the vertical shear estimated from the 
upper-layer along-strait currents at each time step, and then 
the fit is used to evaluate current velocities between the 
shallowest bin and the surface. We also tried a constant ve- 
locity approach that assumes current velocities are constant 
between the top velocity bin and the surface. As discussed 
in Jarosz et al. [2012], the upper layer is rather thin (on av- 
erage, 22 in and 13 m in the northern and southern mooring 
sections, respectively) and the currents tend to respond 
very swiftly to changing winds. Under conditions of rapidly 
changing winds, the upper water column lends to be char- 
acterized by high vertical current shear, and the shear 
approach should provide a more realistic approximation of 
currents near the surface than a constant velocity method. 
Hence, the shear approach was used to calculate all the vol- 
ume fluxes. Before integration the velocity data were inter- 
polated and extrapolated onto a grid (1 m in the vertical by 
146 m and 200 m in the cross-strait distance for the north- 
em and southern sections, respectively) for every hour, 
using a triangle-based linear interpolation/extrapolation 
with the assumption that the velocity at the bottom was 
zero. Gridded velocity values were then carefully checked 
to verify that the extrapolation/interpolation procedure pro- 
duced reasonable values for the region in-between the 
moorings and near the side walls of the strait. 

[in] Salinity observations collected in the northern 
Dardanelles Strait were used to separate the brackish 
upper-layer waters from the salty lower-layer waters in this 
mooring section. First, salinity limits were calculated fol- 
lowing an approach given in Be$iktepe et al. [1994]: 
Svima = Syi + 0.2 ■ (5/,/, - Sm) and Sumi„ = Sw, + 0.2- 
{S/x — S(/i), where Sm and SLL are mean near-surface and 
near-bottom salinities estimated from observations col- 
lected at TC2. The mean of the maximum (S^//„„„) and 
minimum (5'//„„„) salinities was 31.6 psu, and this isohaline 
value was used as the separation between the upper and 
lower layers in the flux calculations for the Marmara sec- 
tion. This choice was further verified by noting that the 
depth of the 31.6 psu isohaline followed the 0-velocity 
depth in this section fairly closely. 

[n] In the Aegean section, the TCI mooring did not 
extend to shallow enough depths to sample the upper-layer 
salinity and hence, the approach used in the Marmara sec- 
tion could not be applied there. Instead of using an isoha- 
line, the upper most 0-velocity isotach was used to separate 
the upper and lower layers for (lux calculations in the 
southern Dardanelles. The first sensor at TCI was at 27 m 
and recorded salinities which were generally above 34 psu 
[Jarosz et al., 2012] indicating that the lower layer waters 
filled out a major part of the southern section throughout 
the deployment period. Additionally, historical observa- 
tions show that salinity of the upper layer is usually below 
32 psu near the southern end of the Dardanelles Strait 
[Onluala el al., 1990; Be^iktepe et al., 1994; Tugnd et al, 
2002]. Hence, the upper-layer thickness was reduced to 27 

m if the 0-velocity isotach was found to be deeper than 27 
m. Overall, the separation of the upper-layer and lower- 
layer waters is expected to be more accurately estimated 
for the northern mooring section than for the southern 
section since the former relies on actual salinity 
measurements. 

[12] Salinity and temperature observations collected over 
the years in the Dardanelles Strait also clearly indicate that 
strong mixing occurs in the Nara Pass region. UnStata 
et al. [1990] found that over 40% of the high salinity inflow 
from the Aegean Sea is mixed in and/or entrained into the 
upper layer and returned back to this sea. To estimate this 
percentage from the mooring observations during our 
deployment period we calculated a volume flux budget of 
waters with salinities of 39 psu or higher. This was done by 
comparing the volume flux of the high-salinity waters 
entering the Aegean section to the flux of the high-salinity 
waters leaving the Marmara section. The bounding depth of 
the 39-psu waters, which was used in these calculations, 
was estimated from the salinity time series at both mooring 
sections (TCI and TC2). 

4.    Volume Fluxes 

[13] Figure 3 displays time series of the volume fluxes 
for both layers and the net transport along the northern and 
southern sections in the Dardanelles Strait. Annual, sea- 
sonal, and monthly means of the upper and lower-layer 
fluxes estimated for the time period between 1 September 
2008 and 31 August 2009 are shown in Figure 4. Annual 
and seasonal means and their root-mean-square (RMS) 
errors are also listed in Table 1. The RMS errors are 
defined as the standard deviation divided by the square root 
of the degrees of freedom. The degrees of freedom are esti- 
mated as the sampling period divided by the integral time 
scale. These errors as given in Table 1 represent the level 
of statistical uncertainty for assigning perfectly accurate 
mean fluxes for the time period between 1 September 2008 
and 31 August 2009. They do not directly include errors 
associated with measurement errors and insufficient sam- 
pling that led to spatial interpolation and extrapolation of 
the current velocities in each mooring section. Throughout 
this manuscript, positive numbers represent a volume flux 
toward the Sea of Marmara, whereas negative values repre- 
sent a volume flux toward the Aegean Sea. 

[14] On short time scales (synoptic: 2-10 days), tempo- 
ral variability of all volume fluxes was very evident and 
pronounced in both layers and along both sections (Figure 
3). Fluctuations shown in Figure 3 were often two times or 
larger than the respective annual means (Figure 4 and Table 
1). Additionally, fluxes in both layers completely reversed 
a number of times. Those events were usually caused by 
stonns passing over the region such as, for instance, one 
beginning around 3 October 2008 and another moving over 
the region around 20 November 2008 (Figure 2). The 
upper-layer flux ranged between —72.98 x 10~3 Sv and 
29.46 x 10 3 Sv in the Marmara section and between 
-82.18 x 10" 3Sv and 47.09 x 10~3 Sv in the Aegean sec- 
tion. The lower-layer flux varied from -26.06 x 10-3 Sv 
to 73.15 x 10"3 Sv and from -13.69 x 10~3 Sv to 106.93 
x 103 Sv in the northern and southern Dardanelles Strait, 
respectively. 
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Figure 3. Times series of (a) upper-layer, (b) lower-layer, and (c) net volume fluxes (Sv) in the north- 
em (black lines) and southern (red lines) Dardanelles Strait (positive values—flux toward the Sea of 
Marmara; negative values—flux toward the Aegean Sea). 

[is] Although there was some flux variability on sea- 
sonal and monthly time scales (Figure 4 and Table 1), this 
variability was generally weaker than synoptic variations 
(Figure 3). Calculated seasonal means also imply that the 
upper-layer fluxes were at a maximum in spring 2009 and 
at a minimum in fall 2008, while the opposite was true for 
the lower-layer fluxes. Additionally, the seasonal cycle was 
less evident for the upper-layer flux in the Marmara section. 

but it was very well defined for both layers in the Aegean 
section and in the lower-layer flux in the Marmara section. 

[w] Net fluxes varied significantly throughout the 
deployment along both mooring sections (Figure 3 and 
Table 2). In general, fluctuations of the net fluxes at both 
sections were often similar in amplitudes and directions 
and changes in their direction were common. Annual 
means of these fluxes estimated for the time period between 

Figure 4. Annual (dashed lines), seasonal (solid thick lines), and monthly (dots) means of volume 
fluxes (Sv) for the Marmara (black) and Aegean (red) sections estimated from velocity observations 
recorded between 1 September 2008 and 31 August 2009 (positive values—flux toward the Sea of Mar- 
mara; negative values—flux toward the Aegean Sea). 
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Table I. Annual and Seasonal Moans of Upper and Lower-Layer Volume Fluxes, Their Ranges and Root-Mean-Square (RMS) Errors 
(All in 10~3Sv) Estimated for the Time Period Between I September 2008 and 31 August 2009 (Positive Values—Flux Toward the Sea 
of Marmara; Negative Values—Flux Toward the Aegean Sea) 

Flux Means 
Northern (Marmara) Section Southern (Aegean) Section 

Flux Range 
RMS Errors Upper Layer Lower Layer Upper Layer Lower Layer 

Annual -25.66 14.02 -36.68 31.67 
-72.98/29.46 -26.06/73.15 -82.18/4.71 -13.69/106.93 

0.81 1.93 1.74 3.26 
Fall 2008 -24.79 18.85 -32.86 36.90 

-72.98/29.46 -19.00/73.15 -67.25/4.71 -12.09/106.93 
1.83 1.18 2.32 1.54 

Winter 2008/2009 -25.83 13.64 -37.39 27.67 
-72.37/16.53 -26.06/46.28 -82.18/1.72 -13.69/76.59 

2,00 3.57 3.87 4.23 
Spring 2009 -26.73 6.42 -42.42 25.12 

-62.44/7.63 -22.54/25.28 -75.23/-3.34 -8.40/59.32 
1.26 0.95 1.73 1.28 

Summer 2009 -25.30 17.16 -34.13 36.40 
-53.il/-8.44 0.83/29.27 -58.33/-13.55 9.20/55.20 

0.84 0.58 1.81 0.99 

1 September 2008 and 31 August 2009 were -11.64 x 
10"3 Sv (RMS error = 3.17 x 10"3 Sv) and -5.01 x 10"3 

Sv (RMS error = 4.06 x 10"3 Sv) for the Marmara and Ae- 
gean sections, respectively. These results indicate that there 
were net outflows toward the Aegean Sea through both 
sections. 

5.    Forcing Mechanisms of Volume Flux 
Fluctuations 

[li] Figures 2a and 2b show time series of the wind 
stress, atmospheric pressure gradient, and the bottom pres- 
sure anomaly gradient between southern and northern sec- 
tions estimated from the bottom pressure measurements 
after removing record means. All these are considered to be 
possible driving mechanisms of the flux variations in the 
Dardanelles Strait. In Figure 2, some correlations between 
these variables and volume transports are already visually 
apparent. Strong winds were responsible for blockages and/ 
or reversals of the upper-layer fluxes, while negative values 
of the BPG were able to significantly reduce and even 
reverse the lower-layer flux. 

[is] To quantify visual comparisons of the concurrent 
time series of the atmospheric forcing, the BPG, and vol- 
ume fluxes, and to evaluate relationships among them, 
spectral analyses were used. Spectra (not shown) of the 
fluxes indicate that there was enhanced energy at frequen- 
cies between 0.1 and 0.6 cycles per day (cpd). Multiple and 
partial coherences were also computed. Multiple coherence 
provides the combined coherence between the forcing vari- 
ables (i.e., the atmospheric forcing and the BPG) and the 
volume flux, while partial coherences show how coherent 
the flux variations are with an individual forcing variable 
after eliminating correlated parts of the signals associated 
with the other forcing mechanisms from both the forcing 
variable and the flux. Results from multiple coherence anal- 
yses show that wind stresses, bottom pressure anomaly and 
atmospheric pressure gradients together accounted for, on 

average, about 71% and 68% of the upper-layer volume 
flux variance for frequencies less than 0.6 cpd in the Mar- 
mara and Aegean sections, respectively (Figure 5). Figure 
5 also displays results from partial coherence analyses. 
These results indicate that the BPG was a primary forcing 
of flux fluctuations for frequencies higher than 0.25 cpd 
and 0.3 cpd in the Marmara and Aegean sections, respec- 
tively. For lower frequencies, the upper-layer flux varia- 
tions were driven by a combination of the BPG, 
atmospheric gradients and along-strait wind stress at the 
Aegean section, while the along-strait wind stress seemed 
to mainly drive the fluctuations centered at about 0.1 cpd in 
the Marmara section. 

Table 2. Annual and Seasonal Means of Net Volume Fluxes. 
Their Ranges and Root-Mean-Square (RMS) Errors (All in 
lO^Sv) Estimated for the Time Period From 1 September 2008 
to 31 August 2009 (Positive Values—Flux Toward the Sea of 
Mannara: Negative Values—Flux Toward the Aegean Sea) 

Flux Means 
Flux Range Northern Southern 
RMS F.rrors (Marmara) Section (Aegean) Section 

Annual -11.64 -5.01 
-73.16/102.24 -75.05/111.35 

3.17 4.06 
Fall 2008 -5.94 4.04 

-56.55/102.24 -44.64/111.35 
2.25 2.48 

Winter 2008/2009 -12.19 -9.72 
-73.17/53.91 -75.05/72.38 

4.87 7.62 
Spring 2009 -20.31 -17.30 

-48.75/20.35 -53.97/36.32 
1.44 2.59 

Summer 2009 -8.13 2.27 
-42.85/9.10 -36.02/26.48 

1.11 1.57 
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Frequency (cpd) 

0.2 0.3 0.4 
Frequency (cpd) 

Figure 5. Multiple coherence (MC, black line) and partial coherence (PC, color lines) between the 
upper-layer volume flux and the bottom pressure anomaly gradient between the southern and northern 
Dardanelles (blue line), the along (red line) and across-strait (magenta line) wind stress components, and 
the atmospheric pressure gradient (cyan line) for (a) the Marmara and (b) Aegean sections; the dashed 
line is the 95% significance level. Wind stresses calculated from winds collected at Qanakkale and the 
atmospheric pressure gradient estimated from observations from Bozcaada and Tekirdag were used in 
the coherence analyses. 

[19] Simultaneously, fluctuations observed in the volume 
fluxes of the lower layer were very coherent with the BPG 
(Figure 6). In the northern Dardanelles, BPG forcing 
accounted for on average 64% of the flux variance, whereas 
it explained about 71% of the flux variability in the southern 
part of the strait. Note, however, that the ordinary coherence 
squared between the lower-layer fluxes and the BPG could 
also include an indirect impact of the atmospheric forcing on 
these fluxes because this particular statistical approach does 
not exclude a possible direct influence of the winds and the 
atmospheric pressure on the observed BPG variability. 

flow structure (Figure 2c) with brackish upper and salty 
bottom layers moving toward the Aegean Sea and a salty 
middle layer flowing toward the Sea of Marmara. This 
three-layer exchange persisted from a day to a week [Jar- 
osz el al., 2012]. The EPOS observations resolved well the 
currents vertically at the mooring locations; however, they 
did not do as well in resolving the horizontal variability of 
currents in the southern section. 1 lence, all estimated fluxes 
of the high salinity waters in the southern part of the strait 
may have an additional error due to lack of horizontal reso- 
lution that might be needed to resolve better the horizontal 

6.    Entrainment and Mixing From Volume Fluxes 
[2n] Historical observations of salinity indicate that the 

upper-layer waters become more saline when traversing the 
strait. The EPOS salinity and current data allowed calcula- 
tions of fluxes of high salinity waters (39 psu and higher) 
as shown in Figure 7a. Year-long averages for the time pe- 
riod between 1 September 2008 and 31 August 2009 were 
17.55 x 10 

-3 
-3Sv (RMS error = 1.84 x 10~J Sv) and 4.02 

< lO""1 Sv (RMS error = 1.03 x 10"3 Sv) in the southern 
and northern sections, respectively. The difference between 
these means is 13.53 x 10 3 Sv (RMS error = 1.52 x 10 :, 

Sv) and suggests that on average, this amount of high salin- 
ity waters was mixed in or/and entrained from the lower 
layer to the upper layer in the strait over the considered 
time period. Note that current observations in the southern 
Dardanelles show that the exchange flow there was asym- 
metrical i.e., the flow was sheared not only vertically but 
also horizontally. Additionally, it often had a three-layer 
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TO 
3 

j? 0.6 
<u 
o 

i 0.4 
o 
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o 
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. 55%_Sign!fl«ncs. Level 
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Frequency (cpd) 

0.5      0.6 

Figure 6. Coherence squared between the fluxes of the 
lower layer in the northern (blue line) and southern (black 
line) Dardanelles Strait and the bottom pressure anomaly 
gradient. 
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Figure 7. (a) Volume fluxes (Sv) of waters with salinity 39 psu and higher (blue line—Marmara sec- 
tion, black line—Aegean section, and red line—flux difference between the sections); (b) entrainment 
velocity (m s"1); (c) eddy diffusivity (/C.„ m2 s  '). 

structure of the outflow of 39-psu waters in the third layer 
back to the Aegean Sea. 

[21] The time series of the volume flux differences of high 
salinity waters {Q: 48 h averages) was next used to estimate 
a strait-averaged entrainment velocity and eddy diffusivity 
(Figures 7b and 7c). For these computations, it was assumed 
that the average width and length of the Dardanelles Strait 
are 4 km and 61 km, respectively. The entrainment velocity 
shown in Figure 7b was found from the following: ueni = 
-ff£ and, on average, it was 0.55 x lO-4 m s~' and ranged <:2^ 
from Oms ' to 1.65 x 10 4 m s '. Following Kiillenherg 
[1977], the vertical flux can be expressed as: ue„,Af> = Kp~t, 
where AT,, is the eddy diffusivity, /) is the density, and Ap is 
the density difference between the upper and lower layers. 
This expression led to the eddy diffusivities shown in Figure 
7c. The layer-averaged densities, i.e., 1020 kg m and 1029 
kg m 3 for the upper and lower layers, respectively, esti- 
mated from our measurements and published historical 
observations [6'/j/iia/fle/a/., 1990; 7«gr«/sf a/., 2002] were 
used in these computations. Strait-averaged K^ generally var- 
ied from 10 4 m s to 10 iir s with an annual average 
of 4 x 10" 3 m2 s . It is clear from the time series of the 
eddy diffusivity that there was some variability around the 
annual mean on short time scales; however, on longer 
(monthly or seasonal) time scales this variability was much 
weaker, and, for example, seasonal averages were 4.1 x 
10"\ 3.6 x lO-3, 3.6 x 10"3, and 4.5 x 10~3 m2 s"' for 
fall 2008, winter 2008/2009, spring 2009, and summer 2009, 
respectively. Note, A",, estimates discussed here are sensitive 
to a choice of the strait width and densities of the layers. 

7.    Snapshots of Spatial Variability of Mixing 

[22]  In February 2009, we twice traversed the Darda- 
nelles Strait from the Aegean exit to the Marmara exit col- 

lecting microstructure data under different meteorological 
and flow conditions. Winds, temperature, salinity, and 
along-strait velocity components (from the shipboard 
ADCP) are shown in Figures 8 and 10, while squared buoy- 
ancy frequencies (N2), Richardson numbers [Ri), turbulent 
kinetic energy (TKE) dissipation rates (e), and eddy diffu- 
sivities (K,,) are displayed in Figures 9 and 11. 

7.1.   February 8 Survey 

[23J The February 8 pass through the strait took about 
15 h mainly due to ship traffic and challenging weather 
conditions. Winds were consistently from the southern 
quadrant for the previous 4 days. The pass began with 
strong southwesterlies with speeds over 16 m s^1 that 
progressively weakened to about 6 tn s-1 (Figure 8a) as 
the Marmara exit was reached. As indicated by currents 
recorded at Ml and M2, the upper-layer flow in the Ae- 
gean section was reversed on 4 February 2009, and then 
either was extremely weak or blocked before being 
stopped, and reversed again on 8 February 2009 as 
shown by along-strait currents recorded by a shipboard 
ADCP (Figure 8d). The uppermost depth for current 
observations from the shipboard ADCP was 8 m and, 
depending on the location along the strait, the deepest 
depth level was about 80 m, while vertical resolution of 
these ADCP data was 4 in; thus, these observations did 
not include any information about near surface and near 
bottom flows. The reversal of the upper-layer flow per- 
sisted beyond the Nara Pass and almost reached the Mar- 
mara exit where a near-surface flow (at and above 10 m) 
in this layer was very weak and mostly directed toward 
the Sea of Marmara. In winter, the upper-layer waters are 
characterized not only by low salinity but also by low 
temperatures as shown in Figure 8b. During the February 
8  survey,  the low salinity (<30 psu) and temperature 
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Figure 8. Cbservations fcr the "ebruary 8 survey: (a) wind speed (m s '; blue line) and direction 
(degrees courterclockwise from east) From Qanakkale on 7-9 -ebruary 2039 (the horizontal axis indi- 
cates GMT hours beginning on 7 February 2009), (b) temperature (°C), ;c) salinity (psu), tnd (d) along- 
slrait current velocities (en s"1): VMP drops (D04-D41) are marked by wh te lines in Figures 8b and 8c 
as well as five drops are identified by their numbers: in (b); the VMP sampling period is irdicatec in (a) 
and corresponds to plots sicwn in Figures 8b-8d; tie distance along the strait in Figures Hb-Sd sarts at 
D01 (near the Aegean exit) and ends at D41 (near the Marmara exit); the bottom in Figures 8b-8d is 
shown in b'ack. 

(<1 PC) waters we-e found in the upper layer between the 
Nara Pass and the Marmara exit Farther south, salinity 
began to increase rap dly. Near the Aegean exit, average 

salinity and temperature in the upp;r 10 rn of the water 
column, which is usudly occupied by the lew salinity out- 
flow, were 38.16 psu and 14.550C, primarily due to an 

W        M        4C        ■ 
Cistance (km) alone the strait 

Figure 9. (a) Squared buoyancy requency (N2; s~2), (b) Richardson namber (/?;'), (c) TKE dissipation 
rate (e; W kg"1), and (d) eddy d.ffusivity {Kp; m2 s^1) for the February 8 pass; VMP drops (D04^D41) 
are marked b> white lines and five drops are identified by their numbers in Figure 9a; Ri = 0.25 h indi- 
cated by a black line in Figure 9h, 
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Figure 10. Observations for the February 18 pass: (a) wind speed (m s '; blue line) and direction 
(degrees counterclockwise from east) from Canakkale on 17-19 February 2009 (the horizontal axis indi- 
cates GMT hours beginning on 17 February 2009), (b) temperature (0C), (c) salinity (psu), and (d) along- 
strait current velocities (cm s-1); VMP drops (D01-D38) are marked by white lines in Figures 10b and 
10c as well as five drops are identified by their numbers in Figure 10b; the VMP sampling period is indi- 
cated in Figure 10a and corresponds to plots shown in Figures lOb-lOd; the distance along the strait in 
Figures lOb-lOd starts at D01 (near the Aegean exit) and ends at D41 (near the Marmara exit); the bot- 
tom in Figures lOb-lOd is shown in black. 

influx of warm and salty Aegean waters and mixing associ- 
ated with the strong winds. Means of the lower-layer salin- 
ity and temperature were approximately 39.18 psu and 

15.23C,C near the Aegean exit, and they were progressively 
reduced so that near the Marmara exit, these means were 
38.76 psu and 14.670C, respectively. 

35 40 4} SO 
Distance (km) along the strait 

Figure 11. (a) Squared buoyancy frequency (N2; s"2), (b) Richardson number (Ri), (c) TKE dissipa- 
tion rate (e; W kg'), and (d) eddy diffusivity {Kp; m2 s"1) for the February 18 pass; VMP drops (D01- 
D38) are marked by white lines and five drops are identified by their numbers in Figure 1 la; ^/ = 0.25 is 
indicated by a black line in Figure 1 lb. 
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[24] The Richardson number (/?, =/V2^) '. where the 

squared buoyancy frequency is given by: AT2 = — (^j ■£, g 

is the gravitational acceleration, ^f is the current shear, and 
U is the current velocity) is shown for the February 8 sur- 
vey in Figure 9b. The distribution of this number indicates 
that mixing generally below 60 m resulted at least partly 
from shear instabilities (tfi<0.25; ^,(,(0.25)=--0.6021 
are indicated by black lines in Figures 9b and lib). 
Richardson numbers of 0.25 or less were also found in the 
upper layer. Current velocities from the ship ADCP and 
JV > 10_5 s_~ were used to determine this number for both 
February 8 and 18 passes. As pointed out before the ship- 
board current observations did not resolve very well the 
flows in the upper and lower layers: thus, better measure- 
ments are needed to fully determine the variability of the 
Richardson number in the Dardanelles Strait. The TK.E dis- 
sipation rates (f) varied considerably along the strait and 
were between 10"9 W kg_1and 4.8 x 10"4 W kg"' (Figure 
9c). Enhanced turbulence was found in the Nara Pass 
region where all estimated dissipation rates were above 
10 7 W kg 'with maximum values in the Nara Pass 
(£> 10~4 W kg^'above 10 m). In the southern part of the 
strait, elevated turbulence was observed near the surface 
and bottom where e was as high as 10 " W kg ; however, 
in the middle of the water column, it was very subdued 
with the TKE dissipation rates below 10 s W kg . The 
exchange flow north of the Nara Pass toward the Sea of 
Marmara was more turbulent than that in the southern part 
of the strait with dissipation rates generally between 10" 
Wkg  'and 10 " W kg  '. 

[25] Following Osbom [1980], the eddy diffusivity was 
estimated from Kp = ^eN'1, where 7 is a constant related 
to the mixing efficiency. It has been suggested that 7 may 
not be completely constant particularly when stratification 
is weak [Shih el al., 2005; fvey el al., 2008]. For eddy dif- 
fusivity estimates discussed here, 7 = 0.2 was used as pre- 
sented in the vast majority of oceanographic mixing 
literature [see, e.g., Oshorn. 1980; Oakev, 1982; Moun, 
1996; Nash and Mourn, 2001]. Gregg el al. [2012] also 
provide an extensive discussion and justification for this 
choice of 7. Estimates of K,, (Figure 9d) varied broadly in 
the strait indicating very vigorous mixing (K,,> I0_3 m 
s~') as well as very subdued mixing (A',,< 10~5 m2 s-'). 
Very low values ot Kn (< 10~5 m J ) were found pre- 
dominantly between depths of 10 m and 35 m, and they of- 
ten coincided with depths where the water column was 
highly stratified (large N, Figure 9a). In the southern part of 
the Dardanelles Strait, intense mixing was observed above 
10 m and near the bottom (below 70 m) where K,, was gen- 
erally from 10~4 m2 s-1 to I0"3 m" s , while it was 
mainly between 10 5 m2 s ' and 10 4 m2 s-1 at depths 
from 30 m and 70 m. The most energetic mixing, which 
encompassed almost the entire water column, was in the 
Nara Pass region (mean and median of A,, were 1.3 x 10 2 

m2 s ' and 2.7 x 10 m 8 ', respectively). Here, Kp shal- 
lower than 10 m and in the bottom boundary layer reached 
the highest values (> 10 ' m2 s~'). Except for depths 
between 10 m and 25 m (yV> 0.032) where the eddy diffu- 
sivity dropped below I0~4 m2 s , Kn was generally above 
10 nr s '. Farther north, mixing was less intense; how- 
ever, a trend in the vertical A',, distribution was preserved. 

i.e., higher values (10~4 m2 s-1 - 10 nr s ) above 10 m 
and in the bottom boundary layer and very low eddy diffu- 
sivities (< 10~4 m s~') between 10 m and 35 m. 

7.2.    February 18 Survey 
[26] During the February 18 pass, which took about 11.5 

h, winds were much lighter than during the February 8 sur- 
vey. Southerly winds peaked at about 10 m s ' at 12:00 
GMT, i.e., 2 h before the survey began (Figure 10a). After 
that, the southerlies began to subside and then around 
20:00 GMT they rotated to westerly and southwesterly 
with speeds varying between 1.5 m s~' and 3 m s~'. Cur- 
rents recorded by the shipboard ADCP (Figure lOd) dis- 
played a very complex structure near the Aegean exit, 
especially in the lower layer where flow was temporarily 
blocked. There are indications that the currents below 60 m 
were moving slowly toward the Aegean Sea. Such a com- 
plex lower-layer flow structure was also confinned by cur- 
rent measurements from moorings Ml (Figure 2c) and M2 
(data not shown) and was often observed near the southern 
exit during the deployment period [Jarasz el al., 2012]. 
Farther inside the strait, the lower-layer flow was well 
defined and moving toward the Sea of Marmara with maxi- 
mum along-strait velocities of about 51 cm s ' found in the 
Nara Pass region. At the same time, the flow in the upper 
layer was fairly variable and vertically sheared from the 
Marmara exit to about 10 km north of the Nara Pass. A 
similar highly sheared upper-layer flow was also recorded 
by moorings M3 (Figure 2d) and M4 (data not shown). Far- 
ther south, the upper-layer flow strengthened to 48 cm s~' 
near the Nara Pass and the outflow of the low salinity 
waters was traced throughout the remaining part of the 
strait through the temperature and salinity observations 
(Figures 10b and 10c). Minimum salinity and temperature 
in the upper layer near the northern exit were about 27.95 
psu and 8.80C, respectively, and they progressively 
increased southward to about 30 psu and 10°C 
{Smea„ = 2l.29 psu and Tmi.a„= 10.85oC) near the Aegean 
exit. Lower-layer salinity was as high as 39.19 psu 
{Smem, = 39.05 psu), while temperature of these high salin- 
ity waters was below 15°C (rmra„= 14.8rC) near the 
same exit. Near the Sea of Marmara, the maximum salinity 
was slightly reduced to 39.07 psu [Sm,,,,,, = 38.95 psu), 
whereas the lower layer was warmer with a maximum tem- 
perature of 15.05CC (Tmean = 15.04oC). 

[27] The Richardson number for the February 18 survey 
is shown in Figure lib. The distribution of this number 
indicates that mixing generally below 50 m south of the 
Nara Pass region and below 60 m in the remaining part of 
the strait resulted partly from shear instabilities (Ri < 0.25) 
as during the February 8 survey. A Richardson number 
below 0.25 was also found in the upper layer but only north 
of the Nara Pass. Unlike during the February 8 survey, tur- 
bulence was not highly elevated. These subdued turbulent 
conditions were reflected in lower values of the estimated 
TKE dissipation rates that varied between 10 9 W kg "'and 
7 x 10 6 W kg"' (Figure 11c). In the southern part of the 
strait, higher e (4 x 10"7 W kg-'- 7 x 10"6 W kg"1) was 
found above 10 m. Deeper in the water column, e began 
decreasing fairly quickly and below 20 m was primarily 
between 10~9 W kg"' and 10 7 W kg"1. Elevated turbu- 
lence over almost the entire water column was again found 
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in the Nara Pass region where all estimated dissipation     thickness and / 
rates were generally from 10 W kg ' to 10" W 
kg 'with higher values below 15 m (£> 10 7 W kg '). 
North of the Nara Pass, dissipation rates varied between 
lO-'Wkg-'andlO^Wkg"1. 

[28] Estimates of A",, are shown in Figure 11 d. They were 
generally from 10~7 nr s"' to 5 x 10"3 m2 s"'. In the south- 
ern part of the Dardanelles Strait, elevated mixing was mostly 
observed near the surface and near the bottom where Kp 

ranged from 10"4 nr s-1 to 10-3 m2 s-1. to the remaining 
part of the water column, rather low values of eddy diffusivity 
{KP<\Q~ m s"1) were found. The most energetic mixing, 
especially below 20 m below the surface, was in the Nara 
Pass region (mean and median of A^,, of 10 3 m2 s ' and 4.2 
x 10     m2 s  ', respectively). Above 20 m, Kf, spanned from 

1-5 7.4 x lO^'m^s-1 to 3 
of A:„ of 8.1 x 10~6 m2 s"1 and 3.9 x 
lively). Farther north toward the Sea of Marmara, mixing was 
fairly intense below 60 m with A',, varying between 10 4 m2 

(mean and median 
10~6 m2 s~', respec- 

S-1 and 7.4 x  10 m2 ; High values of Kn were also 
found above 10 m. In general, the trend in the vertical AT,, dis- 
tribution of the February 18 pass was similar to that of the 
February 8 survey, i.e., higher values above 10 m and in the 
bottom boundary layer, and depending on location, very low 
eddy diffiisivities (< 2.6 x 106 m s ') at depths where 
stratification was very stable and strong (Figure 1 la). 

7.3.   Hydraulic Control during February Surveys 

[29] Vigorous mixing is commonly observed in ocean 
straits when compared to mixing on the continental shelves 
(away from rough topographic features) where vertical 
eddy diffusivities are typically 10 5 m2 s or less [Ledwell 
et ah, 2004; Oakey and Greemm, 2004]. For instance, Wes- 
son and Gregg [1994] reported A',, as high as 10"' m2 s"1 

in the Gibraltar Strait. Intense mixing was also found in the 
Tacoma Narrows of Puget Sound [Seim and Gregg, 1997]. 
!loh el al. [2010] found vertical eddy diffusivities ranging 
from 3 x 10~3 m2 s"' to 2 x 10 ^ m2 s-1 in the Urup 
Strait. In the Luzon Strait, Tian el al. [2009] reported K,, of 
10" m g~ at 500 m. Topographic features, which are 
very common in straits, such as sills, constrictions, bends, 
or a permutation of those elements tend to elevate turbu- 
lence levels and mixing in their vicinity. They are also 
known to be locations where the exchange flow may 
become critical. In the Dardanelles Strait, the most pro- 
nounced topographic feature is a combination of a constric- 
tion (Nara Pass) and two sharp bends (~ 90°). 

[30] Observations from February 2009 clearly indicate 
that turbulence and mixing were elevated almost through- 
out the entire water column in the Nara Pass region. They 
also imply that the flow was hydraulically controlled in this 
complex region, i.e., it was supercritical near the first bend 
from the Aegean section during the February 8 survey 
when southwesterly winds were strong and the upper-layer 
flow was reversed past the Nara Pass. The Froude number 
(7^) was estimated for a unidirectional two-layer flow with 
an assumption of the same current velocity in both layers 

F2 = (./- 
'■(i-'-)s 

channel depth, g' is the reduced gravity {g = g e2-^L, g is 
the gravitational acceleration, pu p^, and /?„ are the upper 
layer, lower layer, and mean density), hz is the lower-layer 

yi [Baines, 1995]. A 35.5 psu isohaline 
was used to separate the upper and lower layers. It was cho- 
sen instead of a 33.64 psu isohaline, which is more consist- 
ent with the approach of the layer separation given in 
Besiktepe et al. [1994] and discussed in section 3, in order 
to separate the layers as far south as possible of the Nara 
Pass region (VMP drop D10 was the first location where sa- 
linity of the upper layer was below 35.5 psu; see Figure 1 
for its location). Mean densities for the upper and lower 
layers varied from 1026.63 kg m 3 and 1029.30 kg m 3, 
respectively south of the Nara Pass region to 1022.6 kg 
m" and 1029.39 kg rrT3, respectively near the Marmara 
end of the strait. Current velocities were between 11 cm 
s~ and 72 cm s"1 with swift flow confined mainly to the 
Nara Pass region (t/>47 cm s"1). The upper layer thick- 
ness increased from 10 m at D10 to 23 m near the Marmara 
exit, while the lower layer was at least 50 m thick. These 
averages allowed estimations of Froude numbers suggest- 
ing that the flow was subcritical (F2 <\) away from this 
complex combination of two bends and one constriction. 
The Froude number increased over 1 indicating that the 
flow was supercritical near the first bend from the southern 
end of the strait. Farther north, i.e., toward the next bend 
and the constriction, F2 dropped below 1 suggesting a 
return of the flow to subcritical before beginning an 
increasing trend again near the Nara Pass (F2 = 0.8). 

[31] Data from the February 18 pass, however, did not 
suggest that the exchange flow became critical anywhere in 
the strait. For this exchange flow configuration, the com- 

posite Froude number (G2 = F? + F? = 45- + -^-  where 
S h\       g hz 

Ff = -fc, uL and /i, are the internal Froude number, the cur- 

rent velocity, and the thickness for each layer / = 1, 2, 
respectively) was evaluated [Farmer and Armi, 1986], and 
it was less than 1 at all VMP drop locations. The depth of 
the 33.5 psu isohaline was used to separate layers. Salinity 
of 33.5 psu was estimated from the approach described in 
section 3. Mean densities of the upper layer were about 
1024 kg m~3 and 1022.06 kg m~3 near the southern and 
northern ends of the strait, respectively, while they were 
1028.67 kg m 3 and 1029 kg m 3 for the lower layer near 
the same locations. «| and Uj were generally below 25 cm 
S- , except for the Nara Pass region where currents 
increased to about 40 cm s^1. The thickness of the upper 
layer varied from about 9 m near the Aegean end to 21 m 
near the Marmara end, while the lower layer was generally 
more than 50 m thick. 

[32] Note, that the shipboard ADCP data, which were 
used in computations of both Froude numbers, were not 
ideal because the exchange was not well resolved, espe- 
cially the flow in the upper layer. Additionally, classic in- 
ternal hydraulic theory was applied to compute Froude 
numbers. This theory, however, requires a steady state 
assumption, with no mixing, viscosity, and friction that are 
not met here since, for instance, mixing could be very vig- 
orous in the Dardanelles Strait. 

—, where U is the current velocity, // is the    g Summary and Conclusions 

[33] Current velocity observations collected over 13 
months at both ends of the Dardanelles Strait allowed esti- 
mations of volume flux time series. These fluxes showed 
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Table 3. Annual Means of Upper and Lower-Layer Volume Fluxes in 10~3Sv (Positive Values—Flux Toward the Sea of Mannara; 
Negative Values—Flux Toward the Aegean Sea) 

Northern (Mannara) Section Southern (Aegean) Section 

Annual Fluxes Upper Layer Lower Layer Upper Layer Lower Layer 

Unruakli-lt,l.[mOTb -27.46 17.95 -39.86 30.65 
Besiklepeelal.lWi] -26.85 17.34 -38.61 29.10 
Ozsoy and Unlimta [1997]** -26.31 16.80 -37.41 27.90 
Tugrulelal. [20O2]1'b -29.13 18.96 -42.19 32.02 
Kanarska anUMaderich [2008]': -21.14d 12.40d -38.82 30.00 
EPOS project" -25.66 14.02 -36.68 31.67 

'Fluxes estimated from in situ observations. 
hFluxes computed from steady state mass budgets (Knudsen relations). 
'Fluxes estimated from data obtained from numerical model simulations. 
dMeans approximated from data shown in Figure 6 from Kanarska and Maderich [2008]. 
Tluxes estimated from direct current velocity observations. 

distinct temporal variability in both upper and lower layers 
along both northern and southern sections, especially evi- 
dent on synoptic time scales. Observed fluctuations were 
often two or more times larger than estimated annual 
means. The synoptic flux variability in the upper layer was 
coherent with the local atmospheric forcing and the 
bottom-pressure anomaly gradient. In the lower layer, flux 
variations were related to variations of the bottom-pressure 
anomaly gradient. Note that the atmospheric forcing and 
the pressure anomaly gradient were not able to explain all 
observed variability, which could be partially related to dy- 
namical processes inside the strait and/or in the adjacent 
seas. 

[.w] Volume fluxes also varied weakly on longer time 
scales (monthly to seasonal). Moreover, seasonal means 
imply that the upper-layer fluxes were at a maximum in 
spring and at a minimum in fall, while the opposite was 
true for Ihe lower-layer fluxes. The maximal inflow in the 
lower layer to the Dardanelles Strait from the Aegean Sea 
and the minimal outflow in the upper layer during fall differ 
from the lower and upper-layer fluxes during fall discussed 
by Tugrul el al. [2002] who calculated volume fluxes from 
hydrological data using Knudsen's approach expressing the 
steady state mass budget. Their estimates show that both 
upper and lower-layer fluxes are at a minimum in fall. The 
seasonal variability is also different from modeling results 
presented by Kanarska and Maderich [2008]. They report 
that the upper layer flux is at a maximum in winter and at a 
minimum in summer, while again the opposite is true for 
the lower layer fluxes. Annual means (Table 3) evaluated 
from the flux time series are in a good agreement with 
those estimated by the other researchers, especially in the 
southern Dardanelles section. Table 3 lists a few volume 
fluxes calculated by other research groups for comparison 
with the fluxes computed from the observations of the 
EPOS project. 

[35] The flux estimates also indicated that there was a 
net volume flux of low salinity wafers from the strait. This 
flux displayed a great deal of variability in amplitude and 
direction throughout the deployment time period; however, 
its annual mean, which is within a 95% confidence interval 
of those cited in literature [for instance, Uniuata el al., 
1990; Besiktepe et al., 1994; Tugrul el al., 2002], clearly 
showed a net outflow to the Aegean Sea. There was also 

seasonal variability in the net outflow of low salinity waters 
that peaked during spring 2009, which is in agreement with 
findings of Tugrul et al. [2002]. 

[35J The volume flux of high salinity waters (salinity of 
39 psu and higher) was also utilized to evaluate strength of 
mixing in the Dardanelles Strait. These computations indi- 
cate that there was elevated mixing in this strait with strait- 
averaged eddy diffusivities ranging from 10-4 m2 s-1 to 
10" m" g . During two passes through the Dardanelles in 
February 2009, microstructure observations were collected 
under different meteorological and exchange flow condi- 
tions and were used to estimate eddy diffusivity. The strait 
averaged estimates of A.',, for February 8 and February 18 
surveys were 1.9 x   10~3 m2 s-1 (median of ' 10" m 
s   and standard deviation of 1.4 x 10 s'^and 1.8 x 
10 4 m2 s ' (median of 1.9 x 10 ^ m2 s 'and standard 
deviation of 8.3 x 10"4 m2 s'), respectively. These values 
generally agree with the values calculated using the high 
salinity entrainment velocity approximation over the entire 
deployment period. 

[37] The February surveys clearly showed that mixing in 
the Dardanelles Strait varied spatially and temporarily, and 
was dependent on complex strait geometry, exchange flow 
status, and partially on meteorological conditions. High 
values of vertical eddy diffusivities as well as vigorous 
mixing were found in the Nara Pass region. For example, 
estimates of K„ for the February 8 pass were as large as 4.6 
x 10"' m s with a depth averaged mean of 1.7 x 10-2 

m2 s . Energetic mixing was generally observed above 10 
m and near the bottom (usually below 60 m). Vertical dis- 
tributions of eddy diffusivities were generally almost iden- 
tical for all VMP drops, i.e., higher values of Kp were 
mainly above 10 m and near the bottom. The lowest eddy 
diffusivities were frequently at depths where stratification 
was very stable (large N was usually observed at depths 
between 10 m and 35 m). 

[38] The Froude number is a key parameter of internal hy- 
draulic theory. This theory is one of analytical solutions that 
are used to predict fluxes of exchange flows in straits. Esti- 
mates of Froude numbers from the February observations 
suggested that the exchange flow in the Dardanelles Strait 
could be temporarily hydraulically controlled in the Nara 
Pass region. Another analytical approach referred by Hogg 
el  al.   [2001]   as   the   viscous-advective-diffusive   (VAD) 
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solution applies in straits where the exchange is dominated 
by turbulent mixing. For this solution, there are three impor- 
tant parameters: the aspect ratio A = j, the turbulent Grashof 

number GrT = ^j^-, and turbulent Prandtl number Prr = p1-, 

where H (60 km) and L (55m) are the channel depth and 
length, gf is the reduced gravity (g = g= where g is the 

gravitational acceleration, Ap is the density difierence 
between two ends of the strait, and pQ is the reference den- 
sity), K,, and K/, are the eddy viscosity and diffusivity, respec- 
tively. Hogg el al. [2001] proposed the nondimensional 
parameter, GrTA2, to characterize hydrodynamics of 
exchange (lows in straits. Note that the two analytical solu- 
tions represent two extreme limits and between them there is 
a vast range of flows which cannot be represented accurately 
by either. If Gr,A"> lO"1 the hydraulic limit gives a good 
estimate of the volume flux. The VAD theory provides an 
approximation of the flux for GrrA2<40. GrTA was 4.2 x 
10^ (g' = 0.03 m s~2, strait averaged Ky= 10"3 m2 s-1) and 
1.1 x lO5 (g' = 0.008 m s 2, strait averaged /C„= 10 4 m2 

s-1) for the Febmary 8 and February 18 passes, respectively. 
The estimate of Gr?^' for the February 8 is virtually identical 
to that computed from the modeling output by Kanarxka and 
Maderich [2008] indicating that the exchange flow in the 
Dardanelles Strait was in the intermediate regime and the vol- 
ume flux was neither in the hydraulic nor the VAD limit. 
Observations from 18 February 2009, however, seem to 
imply that the exchange was close to the two-layer hydraulic 
regime. 

[3^] Observations presented in this paper clearly show 
that variability of the volume flux, mixing, and flow struc- 
ture in the Dardanelles Strait is very complex and can be 
highly impacted by variability of hydrographic and atmos- 
pheric conditions. Our understanding of short and long- 
term processes responsible for those variations is still very 
limited and requires further studies. Hence, more detailed 
observational and modeling efforts encompassing the 
entire strait and done, for instance, under a variety of 
atmospheric and oceanographic conditions are necessary 
to fully understand processes governing exchange dynam- 
ics in this strait. 
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